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A facile hydrothermal route has been adopted to fabricate cubic spinel cobalt oxide/multi-walled carbon
nanotube composite using acid-functionalized carbon nanotubes as structure directing/oxidizing agents.
The composite material demonstrated excellent bifunctionality before and after long periods of cyclic
voltammetry cycling. After cycling, the oxygen reduction current density of the composite shows about 4,
34 and 3 times improvements in comparison to multi-walled carbon nanotube, cubic spinel cobalt oxide
and their physical mixture, respectively. The oxygen evolution current density of the composite was 49%
higher than the physical mixture and even greater than each component alone after 500 CV cycles. The
cause of high performance is presumably contributed to the synergistic coupling effects between the
multi-walled carbon nanotubes and the cubic spinel cobalt oxide.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Rechargeable zinc–air batteries have attracted enormous attention
as alternative energy sources owing to their advantages over traditional
batteries in aspects of low-cost, environmental benignity and extremely
high energy density [1]. Nevertheless, the most critical issue that ham-
pers large-scale implementations of metal–air batteries is the sluggish
kinetics of oxygen evolution and reduction reactions occurring during
charge and discharge of a metal–air battery. Aiming to overcome this,
scientists have devoted considerable efforts for developing low-cost
and efficient bifunctionalelectrocatalysts that are capable of catalyzing
both oxygen reduction reactions (ORRs) and oxygen evolution reac-
tions (OERs). Currently, to reach satisfactory performance, precious
metal-based bifunctional materials such as Pt-IrO2 and PtIrRu are the
best choices [2,3]. Due to the high cost and scarcity of precious metals,
it is challenging but highly desirable to develop low-cost and efficient
bifunctionalelectrocatalysts.

Spinels are potential candidates as low-cost electrocatalysts for
both ORRs and OERs in alkaline environments [4,5]. This is owing
to themore tolerant environment and facile reaction kinetics in com-
parison to acidic electrolytes, allowing for a broader selection of ox-
ygen catalysts [6], especially for non-precious bifunctional catalysts
such as Co3O4. However, very little has been reported to date
about utilizing Co3O4 as bifunctionalelectrocatalyst components
for metal–air batteries. Liang et al. [7] brought insights into the syn-
ergistic coupling between Co3O4 and graphene, and demonstrated
4; fax: +1 519 746 4979.
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excellent bifunctionality and stability of the composite material. In-
spired by his idea, coupling Co3O4 and multi-walled carbon
nanotubes (MWCNTs) could also display bifunctionality and stabili-
ty. Furthermore, it is well believed that the electrochemical activities
of nanostructured catalysts are closely related to their morphologies
[8]. Different shaped Co3O4 such as nanocubes, nanoplatelets, and so
forth has been synthesized with a variety of methods [9,10]. While
the impact of morphology on the bifunctionality of Co3O4 micro-
spheres for lithium–air batteries has been demonstrates by Yang et
al. [11], the bifunctional capabilities of morphology controlled
Co3O4 composited with carbon supports has never been reported.
As a result, evaluating the ORR/OER activities of cubic Co3O4

(cCo3O4) and its MWCNT composite material will be very intriguing
and is worth studying, although no techniques have previously been
reported to synthesize morphology controlled cubic cCo3O4 directly
chemically attached to MWCNTs. Herein, we report a highly active
and stable bifunctionalelectrocatalyst synthesized via a facile hydro-
thermal process. To the best of our knowledge, this is the first reported
cubic Co3O4 and MWCNT composite material (cCo3O4/MWCNT) with
outstanding bifunctionality and stability.

2. Experimental procedure

2.1. Preparation of cCo3O4 and cCo3O4/MWCNT

The cCo3O4 was prepared via the synthesis method of Feng et al.
[12]. The cCo3O4/MWCNT was prepared through a hydrothermal
method with acid-functionalized MWCNT and Co(CH3COO)2·4H2O
(Reagent grade, Sigma-Aldrich) as starting materials. MWCNTs were
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Fig. 1. (a) XRD patterns of cCo3O4 and cCo3O4/MWCNT and (b) TGA of cCo3O4/MWCNT.
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purchased fromMER Corporation., USA. The MWCNTs were treated in
6 M nitric acid at 110 °C for 5 h followed by washing with copious
amount water and dried in the oven for further uses. Typically,
45 mg of Co(CH3COO)2·4H2O was dissolved in 10 mL of ultrapure
water, into which ammonia was added to adjust the pH of solution
Fig. 2. SEM (a) and TEM (b) images of cCo3O4/MWCNT; HRTEM ima
to 8. Afterwards, 15 mg of the acid-treated MWCNT was dispersed
in the above solution by stirring and followed by ultrasonication.
The solution was then transferred into an autoclave for 5 h reaction
at 150 °C. The resulting black product was collected by centrifuge
and dried overnight.
ges of cCo3O4/MWCNT; and (c) TEM image of pure cCo3O4 (d).
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Fig. 3. (a) ORR polarization curve of cCo3O4/MWCNT at various rotation speeds; (b) Koutecky–Levich plots of cCo3O4/MWCNT at −0.5 V, −0.6 V and −0.7 V; initial (c)/final
(d) ORR polarization curves and initial (e)/final (f) OER polarization curves with IR compensation of MWCNT, cCo3O4, cCo3O4/MWCNT, cCo3O4+ MWCNT.
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2.2. Material characterization

X-ray diffraction (XRD) patterns of the catalysts were examined
using Bruker AXS D8 Advance with a Cu Kα radiation source.
Thermogravimetric analysis (TGA) was evaluated with TA Instru-
ments, Q500. Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images were taken using LEO FESEM
1530 and Philips CM300, respectively.

2.3. Electrochemical measurement

The electrochemical measurements were conducted using rotat-
ing ring disk electrode system (Pine instrument Co., AFCBP-1) with
platinum wire as the counter electrode and a saturated calomel elec-
trode (SCE) as the reference electrode. A catalyst ink was prepared
with a concentration of 4 mg catalyst per mL of 0.5 wt.% Nafion
ethanol solution, followed by 2 h sonication for fully dispersion.
Each catalyst ink was drop-coated onto a glassy carbon working elec-
trode to achieve identical loadings of 0.41 mg cm−2. Linear sweep
voltammetry for ORRs was recorded with a series of rotation speeds
within the range of 0 to −1 V in O2 saturated 0.1 M KOH with back-
ground measured in N2 saturated 0.1 M KOH subtracted. Cyclic
voltammetry (CV) for OERs was characterized within the range of 0
to 1 V with 900 rpm rotation speed in N2 saturated 0.1 M KOH for
500 cycles. After cycling, linear sweep voltammetry was measured
again in the same way as previously stated. The cell resistance was
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measured with the ac impedance technique from 32 to 0.1 kHz with
an amplitude of 10 mV at room temperature. The real part of the
resistance at 1 kHz was adopted as the cell resistance [13] and
was further used for plotting oxygen evolution curve with IR
compensation.

3. Results and discussion

The XRD patterns of cCo3O4 and cCo3O4/MWCNT shown in
Fig. 1(a) with major peaks labeled confirmed the formation of spinel
structures. The peaks of cCo3O4 in the composite material were
shifted to slightly larger 2θ angle compared with pure cCo3O4, indi-
cating a slight lattice contraction that could potentially be attributed
to variations in the crystal sizes [14,15] or interactions with the
MWCNTs. The amount of cCo3O4 in the final composite was ~54% by
mass measured by TGA and shown in Fig. 1(b). The SEM/TEM images
of cCo3O4/MWCNT and pure cCo3O4 in Fig. 2(a, b, d) demonstrated
the successful synthesis of cubic morphology. Fig. 2(c) shows the at-
tachment of MWCNT to the cCo3O4 surface, and furthermore no free
cubic particles were observed indicating the effective tethering
between the MWCNT and the cCo3O4 surface. During the chemical re-
action, the acid-functionalized MWCNTs serve as oxidizing/structure
directing agents which oxidize cobalt ions to spinel cobalt oxide
with functionalized carboxylate groups while regulating the forma-
tion of cubic cobalt oxide. It is demonstrated that under mild acidic
conditions, the chemical modification is limited mostly to the ends
of the carbon nanotubes [16]. As a result, the ends of MWCNTs are
functionalized with a higher density of carboxylate groups in compar-
ison to the nanotube walls. Consequently, the acid-functionalized
MWCNTs possessed a surfactant-like structure with the relative
hydrophobic part being the walls of carbon nanotubes while the
hydrophilic portion residing at the ends, thus regulating the growth
of cobalt oxide.

The ORR polarization curves for cCo3O4/MWCNT at different rota-
tion speeds are shown in Fig. 3(a). The relationship between ORR cur-
rent and rotation speed is given by Koutecky–Levich equation which
is plotted and shown in Fig. 3(b). The electron transfer number (n)
was calculated to be ~4 based on the slope of Koutecky–Levich equa-
tion [17] from −0.5 V to −07 V. The ORR/OER performance of
cCo3O4/MWCNT was further compared to those of MWCNT, cCo3O4

and the physical mixture of MWCNT and cCo3O4 (identical 46:54
weight ratio as the composite materials). In terms of electrochemical
performance, the ORR activity of cCo3O4/MWCNT outperformed
others showing the highest onset potential (−0.15 V) and current
density (−2.91 mA cm−2 at −0.4 V) in Fig. 3(c). Pure cCo3O4

displayed very poor ORR activity while MWCNT alone showed
some ORR activity, however a significantly lower onset potential
(−0.20 V) and the current density (−1.82 mA cm−2 at −0.4 V)
than the composite material. The physical mixture showed im-
proved activity compared with each component alone but was still
inferior to the composite in ORR activity with an onset potential of
−0.20 V and current density of −2.22 mA cm−2 at −0.4 V. The
much higher ORR performance of the composite material over each
of its component indicates a coupling effect, most likely arising
from the extra electron transfer pathways provided by the highly
Table 1
Summarized ORR/OER results of MWCNT, cCo3O4, cCo3O4/MWCNT and cCo3O4+ MWCNT m

Initial performance

Catalysts ORR current density
(mA cm−2) at −0.4 V vs. SCE

OER current den
(mA cm−2) at 0.

MWCNT −1.82 14.4
cCo3O4 −0.650 4.93
cCo3O4/MWCNT −2.91 16.0
cCo3O4+ MWCNT Mixture −2.22 8.51
conductive MWCNT. Moreover, the significantly enhanced ORR ac-
tivity of the composite materials in comparison to the physically
mixed components highlights the beneficial interactions when
supporting the Co3O4 directly onto the MWCNTs. Apart from high
ORR performance, the composite material also exhibited excellent
OER activity exhibiting the highest current density (16.0 mA cm−2

at 0.7 V) in comparison to each component alone and the physical
mixture as shown in Fig. 3(e).

While the ORR and OER performances are the most commonly
evaluated parameters for bifunctional catalysts, the stability of
electrocatalysts is also of practical importance. Typically, carbon-
composed electrocatalysts are prone to degradation caused by sur-
face oxidation after long periods of operation [18]. To investigate
the stability of catalysts, 500 CV cycles in the same range of OER
was performed. For the composite material, it retained high
bifunctionality following CV cycling. The ORR onset potential of the
composite remained the same over continuous cycling and the cur-
rent density decreased by only 23%. In the case of MWCNT, cCo3O4

and the physical mixture, severe ORR performance degradation in
terms of onset potential and current density was observed. After cy-
cling, the ORR current density of the composite shows 3.7, 34 and 3
times greater than that of MWCNT, cCo3O4 and the physical mixture,
respectively. Moreover, the MWCNT and cCo3O4 suffered from sig-
nificant OER degradation after cycling (97% and 98%, respectively)
whereas the composite material demonstrated the highest stability
with 48% of performance decrease, which is also superior to the
physical mixture (49% higher current density). A direct performance
comparison of all the catalysts before and after cycling is summa-
rized in Table 1. These electrochemical results indicate that the oxi-
dation of the MWCNTs of the composite was decreased and the
unique structure potentially strengthens its overall stability. Fur-
thermore, the synergistic coupling effect could exist between
cCo3O4 and MWCNT and the enhanced stability of the attached
MWCNT could be affected by cCo3O4 in the composite assisting the
prevention of carbon corrosion [17]. Although the stability investi-
gations were run in the region of OER, these are the most oxidizing
conditions that will be encountered during practical operation and
it is highly likely that these materials also provide enhanced stabil-
ity in the region of ORR. Despite the fact that the composite mate-
rials had lower ORR activity than Pt based catalysts, and lower
OER activity than Ru and Ir oxide based catalysts; the relatively
low cost coupled with bifunctional capabilities and electrochemical
stability render morphology controlled Co3O4 particles supported
on MWCNTs as promising air electrode materials for rechargeable
metal–air batteries.
4. Conclusions

The bifunctionalelectrocatalyst cCo3O4/MWCNT has been suc-
cessfully prepared via a facile hydrothermal method. This composite
material demonstrated much higher bifunctionality and stability
over its individual components and the physical mixture, which
could potentially be a result of the synergistic effect between each
component of the composite material. Further investigations on how
ixture.

Final performance

sity
7 V vs. SCE

ORR current density
(mA cm−2) at −0.4 V vs. SCE

OER current density
(mA cm−2) at 0.7 V vs. SCE

−0.607 0.448
−0.0650 0.0995
−2.24 8.26
−0.759 4.23
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the interaction between MWCNT and cubic spinel cobalt oxide influ-
ences the catalytic activities are underway.
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